INTRODUCTION
Winter flounder inhabit the inshore coastal areas of Atlantic Canada and northeastern United States throughout the year. Many of these areas are characterized by the presence of ice and subzero (-1.4 "C) water temperatures (Fletcher, 1977; Petzel et al., 1980) . Extensive investigations over the past l 0 yr have resulted in a considerable body of information indicating that winter flounder cope with these freezing conditions by synthesizing antifreeze proteins and secreting them into the blood during the winter (Duman and DeVries, 1974, 1976; Hew and Yip, 1976) . In a recent study of the plasma antifreeze proteins from Newfoundland winter flounder, at least 7 active components were found, 5 of 3,300 daltons and 2 of approximately 4,500 daltons (Fourney et al., 1984a) . These polypeptides lower the freezing point of the blood plasma in a non-colligative manner, that is, they lower the temperature at which ice will form, but do not lower the melting temperature of the ice (DeVries, 1983) .
In Newfoundland, the annual cycle of plasma antifreeze levels correlates closely with the annual cycle of seawater temperature. Antifreeze proteins appear in the plasma during November when the water temperature approximates 4 to 6OC and disappear during May when the temperature generally rises above 0°C (Fletcher, 1977) . In a study of a population of Nova Scotian flounder, plasma antifreeze levels were found to increase approximately 1 mo later and decline 2 mo earlier than they did in Newfoundland flounder. These differences between the 2 populations correlated with the regional differences in the annual cycles of seawater temperature (Fletcher and Smith, 1980) . At this time, Petzel et al. (1980) published the annual cycle of plasma antifreeze levels in flounder inhabiting Shinnecock Bay, a shallow bay on the southeastern shore of Long Island, New York. When these investigators compared their results for Shinnecock Bay flounder with those published for Newfoundland flounder, they found that the time at which antifreeze peptides appeared in the plasma was essentially the same. A comparison of the Shinnecock Bay, Nova Sco-tian and Newfoundland water temperatures immediately preceding and during the time of antifreeze appearance in the plasma (Oct to Dec) revealed that Shinnecock Bay and Nova Scotia were essentially the same, and that the seasonal decline in the water temperatures of both areas lagged behind Newfoundland by approximately a month (Fletcher and Smith, 1980; Petzel et al., 1980) . Thus, antifreeze proteins appear in the plasma of Shinnecock Bay flounder at water temperatures of approximately 8 to 10°C, while in Newfoundland and Nova Scotian flounder they appear at temperatures of 4 to 6OC (Fig. 5) . Two questions arose from these observations: (1) Since Newfoundland and Shinnecock Bay flounder make antifreeze proteins at the same time of year, why does the geographically intermediate population of Nova Scotian flounder synthesize antifreeze peptides one month later? (2) Why do Shinnecock Bay flounder appear to synthesize antifreeze proteins so much more in advance of winter water temperatures than do the Nova Scotian and Newfoundland flounder?
Since the methods used to estimate the antifreeze levels differed between the studies of Petzel et al. (1980) and Fletcher and Smith (1980) , it seemed possible that the differences between the Shinnecock Bay flounder and their more northern counterparts could b e more apparent than real. Therefore, the present study was carried out to compare the annual plasma antifreeze cycles of flounder from Shinnecock Bay, Long Island, and Chapel's Cove, Newfoundland using the same methods. In addition the annual antifreeze cycle was examined in a population of winter flounder from Passamaquoddy Bay, New Brunswick, which is located at a latitude intermediate between Newfoundland and Long Island.
MATERIALS AND METHODS
Winter flounder Pseudopleuronectes amencanus were collected at approximately monthly intervals (Sep 1980 -Dec 1981 from the following 3 areas:
Chapel's Cove, Conception Bay, Newfoundland (46"26' N, 53'08' W); Passamaquoddy Bay, New Brunswick (45"05'N, 67'W); and Shinnecock Bay, Long Island, New York (40°52'N, 72"28'W) . In Newfoundland the fish were caught in 10 to 20 m of water by divers using SCUBA (Fletcher, 1977) , Passamaquoddy Bay fish were caught in 50 to 100 m of water using a Western trawl and in Shinnecock Bay they were caught in 2 to 4 m of water using a small otter trawl (Petzel et al., 1980) . Newfoundland flounder were either bled immediately following capture (30 min) or maintained in the laboratory for 1 wk under seasonally ambient conditions of temperature and photoperiod (Fletcher, 1977) . Passamaquoddy Bay flounder were maintained in the Biological Station, St. Andrews, New Brunswick under ambient conditions of temperature and photoperiod for seven days before bleeding. Flounder from Shinnecock Bay could not be held in a healthy condition for seven days, therefore they were bled as soon after capture as possible (Petzel et al., 1980) . At all locations blood was obtained from a caudal blood vessel using 21 gauge syringe needles and stored in 2 to 4 m1 Vacutainers (Becton Dickinson) containing sodium heparin. The cells were separated from plasma using low speed centrifugation (-4,000 g).
Plasma freezing point depression was measured using an Advanced Osmometer (Model 3D or 3R, Advanced Instruments Inc., MA, USA). Plasma Cl-was measured using a chloride titrator (Radiometer Copenhagen, model CMT 10). The antifreeze component of the plasma freezing point depression was approximated by subtracting the freezing point depression attributable to NaCl. When the antifreeze activity values are greater than 0 . l 0 C this method gives a reasonably good approximation of the antifreeze activity present in the plasma. Values of 0.1 "C or less are commonly observed in flounder with little or no antifreeze peptides present and are believed to b e attributable to the combined effects of electolytes other than NaC1, and compounds such as glucose, amino acids, ammonia and urea (Duman and DeVries, 1976; Fletcher 1977; Fletcher and Smith, 1980; Slaughter and Hew, 1982) . Cl-concentrations were converted to NaCl concentrations by the following equation: NaCl (mM/L) = Cl-(mM/L) X 1.08. The constant 1.08 was established from Na+ and Cl-analysis of flounder plasma (Fletcher, 1975 (Fletcher, , 1977 . Freezing point depression of NaCl = NaCl (mM/L) X 0.00343. The constant 0.00343 was obtained from Weast and Selby (1967) .
Antifreeze polypeptides were measured in the winter plasma samples by radioimmunoassay using antisera raised against gluteraldehyde polymerized antifreeze proteins according to the procedures outlined by Slaughter and Hew (1982) .
A number of samples, covering a range of antifreeze polypeptide concentrations, were selected to determine their melting and freezing temperatures using a Clifton nanolitre osmometer. In this method the freezing temperature is the temperature at which a small seed ice crystal is observed to grow, and the melting temperature is the temperature at which it shrinks. Thermal hysteresis, a measure of antifreeze peptide activity, was calculated from the difference between the melting and freezing temperatures (DeVries, 1982) .
All statistical comparisons were made using Student's t test (Steel and Torne. 1960) .
RESULTS

Plasma Cl-concentrations
Plasma Cl-concentrations are very susceptible to the effects of capture stress. Therefore, flounder which are bled immediately after capture always have higher Cl-concentrations than those fish which have been allowed to recover for 1 wk prior to bleeding (Fletcher, 1975 (Fletcher, , 1977 . Shinnecock Bay flounder were bled soon after capture whereas New Brunswick flounder were held in aquaria for 7 d. In order to compare these areas with Newfoundland, two groups of Newfoundland flounder were examined, those which were bled immediately following capture (field fish) and those which were held in the laboratory for 7 d (laboratory fish).
The results obtained from the Newfoundland flounder were essentially the same as those reported in earlier studies [Fletcher, 1977; Fletcher and Smith, 1980) . The values for the field fish always exceeded those of the laboratory fish throughout most of the year, Newfoundland, 14 to 20. Field: blood was collected immediately after capture; laboratory: blood was collected 7 d following capture. All values expressed as means + 1 standard error but more particularly from August through November (Fig. 1) . Peak values for both groups of fish occurred during the cold winter months. Plasma Cl-concentrations in the New Brunswick flounder showed a distinct seasonal cycle with the highest values occurring during February and March. During winter the plasma Cl-concentrations of the New Brunswick flounder were always lower than those observed in the Newfoundland laboratory held flounder. Salinities do not differ greatly between these two areas (32 to 33 %o), therefore, the higher plasma concentrations found in the Newfoundland flounder may be attributable to Newfoundland's lower winter water temperatures.
Plasma Cl-concentrations also showed a seasonal cycle in Shinnecock Bay flounder, although it was less distinct than that of the New Brunswick flounder and the Newfoundland laboratory flounder. Since the Shinnecock Bay flounder were bled soon after capture the results are comparable to those of the Newfoundland field flounder. Peak Cl-values in the Shinnecock Bay flounder were observed during February. This was followed by a decline to a low value in June and an abrupt increase during July and August (Fig. 1) . This summer increase is reminiscent of the similar summer increase observed in the Newfoundland field flounder and is possibly due to a n enhancement of capture stress which appears to take place during the period of warmer water temperatures (Fletcher, 1975 (Fletcher, , 1977 . The decline between August and September was similar to that not infrequently observed in Newfoundland field flounder (Fletcher, 1977) .
Plasma antifreeze activity and antifreeze polypeptide levels Newfoundland field and laboratory samples did not differ significantly from each other. Therefore, data for each month were combined to help simplify comparisons between populations. Plasma antifreeze activity increased above summer values during November in the Shinnecock Bay and Newfoundland samples. A similar increase did not occur in the New Brunswick samples until January. Peak values occurred from December through April in Newfoundland, December through February in Shinnecock Bay, and February and March in New Brunswick (Fig. 2) . Plasma antifreeze activity declined during March in the Shinnecock Bay samples, April in the New Brunswick samples and May in the Newfoundland flounder (Fig. 2) .
Plasma antifreeze polypeptide levels showed seasonal trends which were essentially the same as those observed for the antifreeze activity. Peak antifreeze peptide levels in the New Brunswick flounder were (Fig. 2) . Antifreeze peptide levels were also measured in plasma from Nova Scotian flounder (44" 37' N, 64" 02' W) collected during October and December (Fletcher and Smith, 1980) . The values obtained for October (0.011 f 0.004 (SE) mg ml-l, N = 6) were similar to those observed for the other locations (Fig. 2) . December values for the Nova Scotian flounder were 1.45 f 0.39 mg ml-' (N = 7).
This value was similar to those of Newfoundland and The relation between plasma antifreeze activity and antifreeze polypeptide concentration was plotted for all 3 locations studied (Fig. 3) . The general shapes of the curves do not differ between populations and the antifreeze activity in the Newfoundland and Long Island flounder begins to plateau at antifreeze peptide levels above 4 mg ml-l. Thermal hysteresis was determined in a number of Newfoundland flounder plasma samples with antifreeze peptide concentrations ranging from 0.2 to 14.5 mg ml-'. The relation between antifreeze concentration and thermal hysteresis is plotted in Fig. 4 . This curve is essentially the same as that reported for purified flounder antifreeze peptide (Duman and DeVries, 1976) . Unlike the antifreeze activity measurements plotted in Fig. 3 , thermal hysteresis values did not appear to reach a plateau.
Water temperature
Seasonal cycles of water temperature for the locations studied are presented in Fig. 5 . In Newfoundland the temperatures were measured at depths of 5 to 15 m. The values represent monthly averages for a 10 yr period (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (Fletcher, 1977; Fletcher et al., 1978; Fletcher and Smith, 1980; Hew et al., 1980; Fletcher et al., 1982) . New Brunswick water temperatures were recorded at depths of 30 to 50 m in Passamaquoddy Bay, just offshore from the Biological Station, St. Andrews (unpubl. data). Values represent monthly averages for a 12 yr period (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) . These temperatures do not differ from those obtained at the site where the flounder were captured . Shinnecock Bay water temperatures were measured at the surface to 4 m. Values represent the monthly average of values collected over a period of 3 to 6 yr (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (Moeller, 1969; Petzel et al., 1980; Reisman et al., 1984) . St. Margarets Bay, Nova Scotia values were taken from Fletcher and Smith (1980) .
DISCUSSION
The time at which antifreeze peptides appear in the plasma of Newfoundland winter flounder (Nov) has been shown to be remarkably constant from year to year (Fletcher, 1977; Fletcher et al., 1978; Fletcher and Smith, 1980) . The same conclusion was evident from a two year study of Nova Scotian flounder. However, levels of antifreeze activity comparable to those of Newfoundland flounder did not occur in the plasma of flounder from Nova Scotia until December; 1 mo later than in Newfoundland (Fletcher and Smith, 1980) . Moreover, when Nova Scotian flounder were transferred to Newfoundland they retained their Nova Scotian antifreeze cycle (Fletcher and Smith, 1980) .
The results of the present investigation demonstrate that winter flounder from the most southerly population studied, Shinnecock Bay Long Island, initiate plasma antifreeze peptide production at the same time of year (Nov) as do flounder from the most northern population (Newfoundland). In contrast flounder from a geographically intermediate population, Passamaquoddy Bay, New Brunswick, produced antifreeze peptides 1 to 2 mo later than flounder from Newfoundland and Shinnecock Bay, and 1 mo later than Nova Scotian flounder (Fig. 2) . All of these studies suggest that the time of onset of antifreeze production in winter flounder is a population characteristic. The question arising from this conclusion is: why does the time of antifreeze production differ between populations?
Previous studies have indicated that the annual antifreeze cycle may be endogenous, with photoperiod, not temperature, acting as the zeitgeber for entraining the precise time of initiation of antifreeze synthesis in early winter (Fletcher and Smith, 1980; Fletcher, 1981) . The present study established that there is no correlation between latitude and the time of antifreeze appearance in the blood. Therefore, the photoperiodic cue, or the response it evokes in the flounder, must differ between populations. Since annual rhythms appear to be genetically controlled (Murton and Kear, 1973; Pengelley and Asmundson, 1974) , the population differences observed in the timing of the annual antifreeze cycle could reflect genotypic differences.
It has become apparent over the past 10 yr of study that the Newfoundland winter flounder synthesize antifreeze proteins well before they are required to prevent them from freezing (Fletcher, 1977; Fletcher and Smith, 1980) . Although the reasons why the initiation of antifreeze synthesis takes place by a relatively specific date are unknown, it seems reasonable to assume that the winter flounder's strategy is to balance the time at which it must incur the metabolic costs of synthesizing antifreeze peptides against the time at which there may be a significant danger of freezing. Our scant knowledge concerning the seasonal biology of different flounder populations makes it difficult to ascertain the earliest date antifreeze proteins would be required in order to play a significant role in the survival of these populations.
One hypothesis prompted by the results of the present study is that the differences between the dates of antifreeze production in the populations studied reflect differences in the earliest dates antifreeze peptides would be essential. This hypothesis answers questions posed in the introduction and above discussion by suggesting that flounder populations are genetically programmed to produce adequate antifreeze levels in time for their earliest possible exposure to ice and subzero water temperatures. Clearly, the date at which these conditions occur at a particular geographical location could vary considerably from year to year, and may never occur at all during some winters. We do not know the role freezing mortality plays in selecting the appropriate gene pool for specific environmental conditions. Thus, during the course of relatively short-term studies, it would be difficult to detect the environmental reason why populations differ in the time at which they produce antifreeze peptides.
During winter, Newfoundland water temperatures are considerably colder than those of Nova Scotia, New Brunswick and Long Island (Fig. 5) . In addition, subzero water temperatures and ice are common during early January and can occur during December. Furthermore, the water can be very stormy during December, resulting in ice crystals being driven deep into the water column. Thus, winter flounder residing in the inshore Newfoundland locations would appear to require antifreeze peptides prior to this time.
Shinnecock Bay, Long Island is very shallow, with an average depth of 2 m at mean low water. This results in the annual cycle of water temperature closely following the air temperature (Moeller, 1969) . In all of the other locations studied the maximum and minimum water temperatures lag behind the air temperatures by approximately 1 mo (Steele, 1975) . The lowest water temperatures occur in Shinnecock Bay during January and February, and in 3 separate studies, including the present one, considerable amounts of ice were present during January (Moeller, 1969; Petzel et al.. 1980) . The shallow depth of the bay and the rapidity with which the water temperatures follow the air temperatures signify that flounder would probably have to be prepared for freezing conditions as early as the Newfoundland flounder. Reisman et al. (1984) discuss the impact this shallow ice-laden habitat has on antifreeze production in the tomcod. Furthermore, the slightly lower salinities (25 to 33 %o) of the Shinnecock Bay habitat, owing to near-shore freshwater runoff and groundwater seepage, create frequent winter surface ice conditions. This is another environmental factor that would select for high antifreeze activity in Shinnecock Bay flounder.
The winter flounder from Passamaquoddy Bay, New Brunswick and St. Margarets Bay, Nova Scotia were sampled from relatively deep water (50 to 100 m, New Brunswick; 15 to 30 m, Nova Scotia). At these depths, water temperatures have not been observed below 2°C in New Brunswick and rarely go below 0°C in Nova Scotia (Levings, 1972) . Thus flounder inhabiting these locations are never in any danger of freezing. However, previous studies of flounder inhabiting St. Margarets Bay (Levings, 1972) and Passamaquoddy Bay (McCracken, 1963; Tyler, 1971) indicate that they move seasonally between deep and shallow water. Therefore, it is likely that flounder captured in deeper water have inhabited shallow areas of the bays at some time during their life cycle. The shallow waters at the head of St. Margarets Bay (within 2 km of the sampling area) which are well protected from storms, are characterized by sub-zero water temperatures and ice during the period of January to March. Levings (1972) has suggested that winter flounder overwinter in these ice covered areas. If this is the case the Nova Scotia flounder could require antifreeze proteins by January. Water temperatures in Passamaquoddy Bay, New Brunswick are generally warmer during the winter than any of the other areas under study. Surface water temperatures would be colder than those observed on the bottom, although subzero water temperatures, particularly below -0.6 "C, and the presence of ice appear to be infrequent occurrences (Trites and Garrett, 1983) . In addition, these low winter temperatures may not occur before February (Sutterlin et al., 1981) . Thus, it may be that winter flounder residing in this area do not require antifreeze peptides until later than Newfoundland and Long Island populations.
The relatively warm waters of Passamaquoddy Bay may have reduced the essentiality of the antifreeze peptides to the survival of the majority of the winter flounder inhabiting this area. Interestingly, of the 4 populations studied the Passamaquoddy Bay flounder were the only ones to exhibit some degree of genetic polymorphism within their antifreeze peptides (Fourney et al., 1984b) . For example, one of the major antifreeze components in the Passamaquoddy Bay flounder had the amino acid valine. This amino acid has not been observed in the major antifreeze components isolated from the other flounder populations (Fourney et al., 1984b) .
The problem of defining winter flounder population units has been discussed by a number of investigators (Lux et al., 1970; Howe and Coates, 1975; Pierce and Howe, 1977; Haedrich, 1983) . If, as this study suggests, winter flounder populations have genetically determined annual antifreeze biosynthetic cycles which are adapted to the annual cycle of freezing conditions of their particular environment, then it should be possible to distinguish between certain spawning units. For example, the shallow Long Island bays, including Shinnecock Bay, are interconnected with each other, but almost completely cut off from the ocean. Therefore it is possible that flounder populations in these bays interbreed with one another but not with populations inhabiting the ocean in the same vicinity. Since ocean temperatures would lag behind air temperatures the initiation of antifreeze production by an ocean population of winter flounder should occur later than in Shinnecock Bay flounder. In this regard it would be interesting to study the more offshore populations of winter flounder on Georges Bank where winter water temperatures are normally warmer than the inshore areas (Lux et al., 1970) and the danger from freezing minimal or non existent.
In Newfoundland, winter flounder antifreeze biosynthesis ceases during late February and March (Hew et al., 1979; Davies and Hew, 1980; Pickett et al., 1983; Fourney et al., 1 9 8 4~) .
From this point in time the rate at which antifreeze peptides disappear from the plasma appears to be largely dependent on water temperature (Fletcher, 1981) . The results of the present study are in agreement with this conclusion for there was a direct correlation between the dates at which antifreeze levels declined and the dates of water temperature increased (compare Fig. 2 and 5) .
It is worthwhile to compare the 2 commonly used methods for estimating plasma antifreeze protein activity; the freezing point osmometer and direct crystal observation. The relation between antifreeze peptide concentration and antifreeze activity was essentially the same for both methods up to a concentration of 4 mg ml-l. However, at higher antifreeze peptide concentrations the freezing point osmometer method underestimated the antifreeze activity compared with the ice crystal method. Underestimations of antifreeze activity using a freezing point osmometer have been observed for a number of antifreeze peptides and glycopeptides (DeVries, 1982; Fletcher et al., 1984) . Precisely why this happens is unknown but it appears to be related to the degree to which the samples are supercooled prior to the initiation of freezing, that is, if a sample containing these antifreezes is supercooled by 4 to 6°C before freezing is initiated, as is the case with the freezing point osmometer, the freezing point depression will b e reduced considerably. Supercooling is avoided when methods involving direct observations of ice crystal growth are employed (DeVries, 1982) .
